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Elaborate density functional theory (DFT) calculations that include the effect of van der Waals (vdW)
interactions have been carried out for graphene epitaxially grown on Ru(0001). The calculations predict a
reduction of structural corrugation in the observed moire´ pattern of about 25% ( 0:4 A) with respect to
DFT calculations without vdW corrections. The simulated STM topographies are close to the experi-
mental ones in a wide range of bias voltage around the Fermi level.
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The exceptional electronic properties of perfect two-
dimensional graphene, such as its high electron mobility
or its anomalous quantum Hall effect [1], makes it a
promising material for applications in microelectronics
and sensing. In practice, synthesis of graphene can be
achieved by epitaxial growth of carbon monolayers on
transition metals [2–5]. This has stimulated a lot of experi-
mental work on different metal substrates [4,6–14], which
has already led to the production of relatively large do-
mains (a crucial aspect to reproduce the properties of
infinitely planar graphene). Nevertheless, in most cases,
the presence of the substrate leads to modifications of the
graphene morphology. One of these is the appearance of
moire´ patterns [3], as it is the case for graphene grown on
Ru(0001) (G=Ru for short). The presence of moire´ patterns
not only implies changes in the graphene morphology but
also in its electron density, which is no longer uniform [4].
This non uniform electron density is responsible for, e.g.,
the formation of quantum dots [15,16] or the selective
deposition of organic molecules on well defined regions
of the graphene sheet [17,18].
In spite of the efforts to determine the structural corru-
gation of the moire´ observed in G=Ru, the actual value of
such corrugation is still a subject of controversy. Low
energy electron diffraction (LEED) experiments give a
corrugation of 1.5 A˚ [19], while surface x-ray diffraction
(SXRD) measurements suggest two possible values, 0.82
and 1.5 A˚ [6,20]. In scanning tunneling microscopy (STM)
measurements, the apparent corrugation of the moire´ rip-
ples decreases from 1.1 to 0.5 A˚ when the tunneling bias
voltage goes from 0:8 V to þ0:8 V [21]. Helium atom
scattering (HAS) experiments, that are sensitive to the
surface total charge corrugation, give 0.15–0.4 A˚ [22].
On the theoretical side, density functional theory (DFT)
calculations [19,23–26], in which the C and Ru high
symmetry directions are aligned but the unit cell is large
enough to account for the moire´ pattern, predict a corru-
gation in the range 1:5–1:7 A [23–25].
In the latter calculations, the effect of van der Waals
(vdW) or dispersion forces could not be included.
However, there is strong evidence that these forces play a
crucial role in the adsorption of aromatic molecules on
metal surfaces [27–31], leading, in comparison with non-
vdW DFT calculations, to a significant increase of adsorp-
tion energies [30] and, what is even more important, to
significant geometric distortions of both the adsorbed
molecule and the metal substrate [32]. In many respects,
graphene can be considered as an extended aromatic sys-
tem due to the presence of a  electronic cloud above and
below the graphene plane. Therefore, it is worth studying if
vdW interactions play a similar important role in the
structure of graphene lying on top of a metal substrate.
Existing attempts to include vdW interactions in
G=metal systems [33,34] are limited to models in which
the graphene sheet is planar and forced to follow the
periodicity of the metal substrate by using a 1 1 unit
cell. In this Letter we show that, when vdW interactions are
included in DFT calculations in which the size of the unit
cell is large enough to account for the moire´ pattern
observed in STM images of G=Ru, a reduction of corru-
gation of0:4 A with respect to DFT calculations without
vdW is observed. The calculations predict a variation
of the apparent corrugation with tunneling bias voltage in
qualitative agreement with that observed in STM experi-
ments in the range from 2:0 to þ2:0 V. All DFT calcu-
lations were performed using the VASP code [35,36]. As in
Ref. [19], the Perdew, Burke, and Ernzerhof (PBE) [37,38]
generalized gradient approximation (GGA) functional was
used. The effect of vdW interactions was taken into ac-
count by using the empirical correction scheme of Grimme
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(DFTþ D=PBE) [39], as implemented by Bucko et al [40]
for periodic systems. Standard values for the dispersion
coefficients C6 (1.75 and 24:67 J nm
6 mol1, for C and Ru,
respectively), vdW radii (1.452 and 1.639 A˚), cutoff radius
for pair interactions (30.0 A˚), PBE global scaling factor
(0.75), and damping factor (20.0) have been used. These
values have been shown to give geometries in good agree-
ment with experiment [30,32,39]. The G=Ru surface was
modeled within the supercell approach considering a single
11 11 graphene sheet over three 10 10 Ru layers and a
vacuum region of 10.2 A˚. This supercell presents the
minimum lattice mismatch between the graphene lattice
and the Ru(0001) surface. This choice differs from the
25 25 one proposed by SXRD experiments [6] to ac-
count for the slight rotation of the graphene overlayer with
respect to the Ru topmost layer [22] (calculations for the
latter cell still remain prohibitively expensive). The
11 11 unit cell was used in Ref. [26] (without including
vdW corrections), where it was shown to yield a binding
energy and a corrugation similar to those of the slightly
larger 12 12 and 13 13 unit cells. The reported values
for the corrugation are 1.62 A˚ [26] and 1.75 A˚ [25]
(11 11), 1.50 A˚ [24], 1.67 A˚ [25], 1.51 A˚ [26] and
1.50 A˚ [19] (12 12), and 1.44 A˚ [26] and 1.59 A˚ [19]
(13 13). In the present work, the entire graphene sheet
and the Ru topmost layer were allowed to relax during
geometry optimization. Both DFT/PBE and DFTþ
D=PBE calculations were performed by using a conver-
gence criterion for residual forces acting on the atoms of
0:01 eV= A, i.e., three, five and 10 times smaller than in
[19,25,26], respectively. Valence electrons of both C and
Ru as well as Ru semi-core p electrons not taken into
account in previous theoretical works were included. As
in previous works, the cutoff of the plane-wave expansion
was set to a kinetic energy of 400 eV. The ionic cores were
described by the projector augmented wave (PAW) method
[41]. Taking into account the large size of the supercell
employed, the Brillouin zone sampling was restricted to
the  point, using a Methfessel-Paxton smearing [42] of
0.2 eV. The appropriateness of such a sampling was
checked by performing systematic calculations for
stretched planar graphene lying over three Ru layers by
using a 1 1 unit cell. In the latter calculations, conver-
gence was achieved for a significantly less dense k sam-
pling than that used in the actual calculations (i.e., less
dense than the sampling corresponding to a Brillouin zone
close in size to that associated with the large unit cell).
Finally, constant current STM images at different bias
voltages Vs have been evaluated by using the Tersoff-
Hamann approach [43] on an electron density contour of
1:69 104 A3, which approximately corresponds to
typical tunneling conditions of about 1 nA and 1 V [44].
The experiments were done in a ultra high vacuum
(UHV) chamber equipped with a Low Temperature STM
working between 4.6 and 300 K (see [15]). The STM tips
were cleaned by sputtering and annealing in UHV [45].
Figure 1(a) shows the calculated ground state geometry.
The average errors in the vertical displacements due to
(i) the criterion used to converge the forces or (ii) a poor
representation of the vdW interaction for atoms lying
below the second topmost Ru layer are 0.015 and
0.001 A˚, respectively. The ripple height is 1.195 A˚, which
is 0.42, 0.55, and 0.40 A˚ smaller than that obtained in
[25,26] here, respectively, without including vdW correc-
tions for the same unit cell. Therefore, the substantial
reduction in the calculated corrugation is due to the strong
vdW interaction between the graphene sheet and the Ru
substrate. This interpretation is further supported by the
results shown in Fig. 1(b), where it can be seen that, in
the absence of vdW interactions, forces of the order of
0:1 eV= A act on the ripple C atoms in the sense of increas-
ing graphene corrugation. When the vdW interaction is
taken into account, the residual forces (of less than
0:01 eV= A) either lie in the xy plane or point towards the
metal surface. The calculated corrugation lies in between
the values proposed in recent LEED (1:53 0:2 A [19])
FIG. 1 (color online). (a) Top: calculated ground state geome-
try of graphene/Ru(0001) with ð11 11Þ=ð10 10Þ periodicity.
C atoms of the graphene monolayer are printed in different
colors depending on their relative height (the lowest C atom is
set to z ¼ 0:000 A), while Ru atoms are printed in grey.
Bottom: reconstruction of the Ru topmost layer. (b) Residual
forces (arrows) acting on the C atoms of the graphene layer at the
DFTþ D=PBE level (top) and when the correction due to
dispersion forces is removed (bottom).
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and SXRD (0:82 0:15 A [20]) experiments and is higher
than that inferred from HAS [22]. The reason for the latter
discrepancy is not known. Interestingly, the minimum Ru-
C distance is only 0.105, 0.035, and 0.038 A˚ smaller than
that obtained without vdW corrections in [25,26] and the
present work, respectively, for the same unit cell. This
relatively less important role of vdW interactions in the
moire´ valleys is the consequence of the rather strong co-
valent interaction between C and Ru atoms in this region;
in contrast, the covalent character is very weak in the
ripples.
Another interesting result is that, in agreement with the
LEED measurements reported in [19], the buckling of the
Ru topmost layer approximately follows that of the gra-
phene layer; i.e., in general, Ru atoms below ripples lie
higher than those below valleys. This subtle effect is not
well reproduced by existing non-vdW DFT calculations, in
which several Ru atoms lying just below the top of the
ripple lie in the same plane as those lying below the center
of the valleys. Nevertheless, the magnitude of the Ru
displacements is smaller than suggested by LEED [19].
The vdW correction also leads to a substantial increase of
the adsorption energy, from 27 meV=C-atom (non-vdW
calculation) to 206 meV=C-atom. The former value is
larger than that reported in previous work (11 [25] and
9 meV=C-atom [26]) due to inclusion of Ru p electrons in
the present calculations.
The calculated STM topographies are in good agreement
with the measured ones [4] in the range of Vs from2:0 to
þ2:0 V. As illustration, Figs. 2(a) and 2(b) show a com-
parison for Vs ¼ 1:0 V. It can be seen that the periodic
pattern in the STM image is well reproduced by theory. A
more stringent test is to compare profiles of apparent height
(Z) along specific directions. Figures 2(c) and d show the
results along the path shown in panels (a) and (b). The
pattern of inverted muffin tins is reasonably reproduced by
theory, especially when the latter takes into account the
experimental resolution.
Along the same path, Fig. 3 shows the variation of the
apparent corrugation, Z ¼ Zmax  Zmin, with Vs in the
interval ½2:0;þ2:0 V [46]. The experimental results
were obtained for different experimental conditions, i.e.,
different tips, different samples, tunneling currents be-
tween 0.1 and 1.0 nA, and sample temperatures between
4.6 and 300 K. Apart from a slight overestimation of the
experimental values by about 0:1–0:2 A, the overall varia-
tion with the bias is well described by theory. Both theory
and experiment predict that the apparent corrugation is
1:0 A for Vs  0 and then decreases with Vs for Vs  0
down to 0:5 A (Vs ¼ þ2:0 V). Although the simulated
STM images were calculated on a contour of 1:69
104 A3, similar results have been obtained by using
neighboring contours compatible with typical STM cur-
rents and tip-surface distances. The apparent corrugation
curve resulting from non-vdW calculations (see Fig. 3) lies
significantly above the experimental data.
The vdW corrections used in this work were developed
and consistently benchmarked for molecules in vacuum
[39]. For G=Ru, one could expect that the values of the
vdW C6 coefficients are smaller than in the gas phase
due to screening and image-charge effects associated
with the delocalized electronic environment. In some
cases, the reduction might be as large as a factor of 2
[47]. To check the influence of these effects on the present
FIG. 2 (color online). (a) STM image of graphene/Ru(0001)
for Vs ¼ 1:0 V. (b) Simulated atomic resolution STM image
for Vs ¼ 1:0 V and an electron density contour of 1:69
104 A3. (c) and (d) show the apparent height profiles taken
along the paths shown in (a) and (b), respectively, as a function
of the distance d from the beginning of the path. The dashed line
has been obtained with Gaussian smearing.
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FIG. 3 (color online). Variation of the apparent corrugation
with bias voltage along the path shown in Fig. 2. Black dots:
experimental results obtained with many different experimental
conditions (tip, tunnelling current, samples and temperature).
Red dots: theoretical results with vdW correction. Green dots:
idem without vdW corrections. Theoretical STM images were
calculated on an electron density contour of 1:69 104 A3.
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results, we have repeated the calculations for the 11 11
cell by using a substantially smaller value for Ru, C6 ¼
15:562 J nm6 mol1, and the value C6 ¼ 1:65 J nm6 mol1
for C that provides the best agreement with the experimen-
tal exfoliation energy (52 5 meV [48]) and interlayer
distance (3.35 A˚ [49]) of graphite (50.29 meV and
3.25 A˚, respectively); all the other parameters were main-
tained at the default values mentioned above (see [50] for a
detailed analysis of the sensitivity of the results with the C6
parameters). The corrugation of the ripple that results from
these calculations is 1.239 A˚, i.e., only 0.044 A˚ higher than
that reported above. The corrugation of the topmost Ru
layer remains identical and the minimum distance between
the C atoms of the graphene layer and the Ru atoms of the
topmost Ru layer slightly varies from 2.195 to 2.242 A˚. As
expected, the adsorption energy is more affected and be-
comes significantly smaller: 0:163 eV=C atom. Since the
value of C6 used for Ru in these test calculations is proba-
bly far lower than what is reasonable to expect, one can
safely conclude that the geometrical effects discussed
above remain practically unchanged for other intermediate
choices.
In conclusion, DFTþ D calculations for a 11 11 unit
cell show that vdW interactions between the graphene
sheet and the Ru(0001) substrate are responsible for a
reduction of25% in the corrugation of the moire´ pattern.
The apparent corrugation calculated by including (exclud-
ing) vdW corrections is in good (poor) agreement with that
observed in STM experiments. Its variation with bias
voltage suggests a strong electronic effect.
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